pest resistance, and quality factors such as protein and digestibility. Nevertheless, the concentrations of var· ious minerals in forages are often important in satisfying animal requirements because forages supply the great majority of the feed units consumed by beef and dairy cattle (Bos taurus) (3) . Unfortunately, the mineral composition of plants does not always fulfill the requirements of consuming animals (12) . Breeding improved cultivars with higher concentrations of nor. mally deficient elements, or lower concentrations of normally excessive elements, would significantly reo duce deviations from animal needs and provide an economical means for improving animal performance. Previous work with several plant species other than sorghum suggested that mineral concentration was at least partially under genetic control and that considerable progress was possible by selecting for either high or low mineral accumulation (1, 2, 7) . The objectives of our study were to determine the contents, genetic variability, combining ability effects, and correlations. for 12 mineral elements in 49 experimental hybrids of forage sorghum.
MATERIALS AND METHODS
The 49 F, hybrids used, growing conditions, and har· vesting and sampling procedures were described in an earlier paper (10) . Pertinent information relative to this study is repeated here. The 49 hybrids were produced by crossing each of seven females ('Redlan', N35, N38, N48, N4692, KS5, N5013
3 ) with each of seven males [Early Hegari-Sart (EH-Sart)J, Early Hegari-White Sourless (EH-WSP, Early Hegari-Rox (EH-Rox)3, N6229, 'Rox', 'White Collier' (WC), and H60-29
The 49 hybrids were grown in a randomized complete block design with three replications at the University ofNebraska Agricultural Research and Development Center, Mead, in 1979 and 1980 using standard agricultural practices for that area. The plots were established on Sharpsburg silty clay loam (Typic Argiudoll-fine montmorillonitic mesic) for which detailed chemical and physical characterization has been reported (5) . The forage sorghum nursery was adjacent to an area where extensive soil fertility studies have shown that the only fertilizer element producing a positive effect on yield was N. Plots were three 9.1-m rows spaced 0.76 m apart with plants hand-thinned to a spacing of approximately t Experimental mean + GCA effect = female mean averaged over males or male mean averaged over females, as appropriate. 0.15 m. A 4.75-m section of the middle row of each plot was harvested after all entries had reached physiological maturity (24 to 27 Sept. 1979, and 6 and 7 Oct. 1980). A random sample of the harvested material was chopped, mixed, and subsampled for dry matter determination and analyses of quality traits and mineral contents. Samples were dried to constant weight in a forced-air oven at 60°C, ground in a Wiley4 mill to pass a l-mm screen, and stored at room temperature in plastic vials. The dried and ground samples were analyzed for content of Mg, Si, P, S, Cl, K, Ca, Mn, Fe, Cu, and Zn by energy-dispersive x-ray fluorescence (EDXRF) as described by Knudsen et al. (8) and N content was determined by the Kjeldahl procedure (4) . Procedures for data analysis were similar to those described by Ross et al. (13) . Analyses of variance (ANOYA) were performed, and tests of significance for hybrid entries, females, males, and females X males for each trait were made by testing these mean squares (M) with their respective year interaction mean squares.
General combining ability (GCA) and specific combining ability (SCA) effects were determined for each trait as follows:
where X; is the mean of hybrids with a given female averaged over all replications, years, and males; 1) is the mean of hybrids with a given male averaged over replications, years, and females; Xij is the mean of a given hybrid averaged over replications and years; and Y is the experimental mean.
Significance of GCA effects was tested as t = GCA/SE gea , where the standard error (SE) is (Mfy/rmy) 1/2 or (Mmv/rfy)I/2 for females or males, respectively. M fy and Mmy are the respective female X year and male X year mean squares, which are divided by the number of observations (replications, years, and males or females). Significance of SCA effects for hybrids was tested as t = SCA/SE sea , where SE is (M(J",,jry)I/2, M(Jnl' is the mean square for females X males X years, and ryis the number of observations. Onetailed t tests were used for testing significance of GCA and SCA effects because interest was confined to positive values.
Genetic ratios, which resemble broad-sense heritabilities, were calculated as 871(1p~, 8~n/(1~ , and 81m/(1p~ ,where 8 f and 81m are the genetic components for females, males, and females X males, respectively, and (1~ their respective mean phenotypic variance. Although the genotypes in the experiment were fixed, this statistical treatment supplies useful breeding information. Phenotypic correlations, with year and replication effects removed, were determined among the 12 elements, as well as among the elements and the 12 agronomic and quality traits determined previously (9, 10) . Genetic correlations were not determined because of some extremely low, and sometimes negative, genetic component values that would give unrealistic or erroneous correlations. Although phenotypic correlations contain both genetic and environmental influences, they represent the associations actually observed.
RESULTS AND DISCUSSION Significant differences among hybrids were found only for K, Ca, and Zn; among females for K and Ca; and among males for Ca and Cu (data not shown). Computation of GCA effects identified one or more superior female parents for accumulation of P, S, K, Ca, and Zn, and one or more superior male parents for accumulation ofN, Ca, Mn, Cu, and Zn (Table 1) . This was possible, despite non significance sometimes found in the ANOV A for female or male traits, because the t test measured only positive deviations from zero of all hybrids with a common parent and was only indirectly related to the separation of parental mean differences. Among the female parents, those with significant GCA effects included N48 and N4692 for Ca accumulation, KS5 for P and Zn, and Redlan for Sand K. Significant GCA effects for male parents included H60-29 for Nand Cu, Rox for Ca and Zn, and White Collier for Ca, Mn, and Cu. Significant specific combining ability effects among hybrids were obtained for all elements except N, Si, K, Cu, and Zn (data not shown). For each mineral element, the hybrid with the highest content was as follows: N-N38 X H60-29, Mg-N48 X EH-WS, Si-N38 X EH-WS, P-Redlan X H60-29, S-N35 X N6229, CI-N5013 X EH-Sart, K-Redlan X N6229, Ca-N48 X WC, Fe-N4692 X H60-29, Cu-N35 X H60-29, and Zn-KS5 X H60-29. Parents involved in hybrids with the highest accumulation of more than one element were for females: N35, N38, N48, and Redlan; for males: EH-WS, H60-29, N6229, and we.
Genetic estimates (Table 2) revealed that GCA components exceeded SCA components in value for all elements except P, CI, and Fe in females, and Sand CI in males. The genetic ratios generally reflected the findings on GCA and SCA components except that the value for P in females was higher than for females X males. Although several of the genetic components and genetic ratios for both females and males were either nil or very low, the values for the majority of the elements suggest that progress in selecting for high or low accumulation should be possible.
Phenotypic correlations were determined among the 12 elements (Table 3) . Thirty of the 66 values were statistically significant at the 0.05 probability level, and 11 of these had r values exceeding 0.50. All significant r values were positive. Some ofthe highest values were from the relationships ofN with P, S, Cu, and Zn; Ma with Si and Cu; Si with Ca; P with Cu and Zn; S with K; and Cu with Zn.
Phenotypic correlations also were calculated among the elements and 12 previously reported (9, 10) ago ronomic and quality traits (Table 4) . Of the 67 significant r values, 40 were negative, and only 28 had values > 0.50. In general, the taller, later-maturina. and higher-yielding genotypes had lower contents O. N, Mg, Si, P, S, Cl, Ca, Cu, and Zn. Higher protein content was positively associated with higher contentl ofMg, Si, P, S, Cu, and Zn; and increased digestibility was related to higher levels of P, Ca, Cu, and Zn, andl lower levels ofK. Among the highest values were thO! positive association of concentrations of protein and! P, and the negative relationships of height with Nand P, Brix of stem juice with K, and neutral detergent: fiber with P.
The 49 forage sorghum hybrids used in the present study, from which dried samples of freshly harvested forage were analyzed for mineral contents, also were preserved as silage as previously reported (11) . Dried and ground samples of the ensiled material were ana· lyzed for mineral contents by EDXRF as described above. The simple correlation coefficients for the relationships of values obtained from fresh-dried sam· pIes to those values for ensiled samples based on entry values were significant at the 0.01 level of probability. Means for ensiled samples were generally slightly lower than for fresh-dried samples except that the means for N, K, Fe, and Zn were slightly higher.
Although it is recognized that animal rations usually include a variety of feedstuffs to achieve a better balance of nutrients, it is of interest to compare the mineral contents of the forage sorghum hybrids used in the present study with estimates of animal requirements. Reid and Jung (12) reported that a dairy cow giving 20 to 30 kg of milk daily requires the following concentrations (mg kg-I) of various elements in the ration: Mg, 1000; P, 3500; S, 1000; K, 7000; Ca, 4700; Mn, 20; Fe, 100; Cu, 10; and Zn, 40. Based on the means reported in Table 1 , the forage sorghum hybrids used in this study were deficient in P, Ca, Cu, and Zn and would supply approximately 60, 50, 60, and 90%, respectively, of the requirements of a dairy cow. According to Kappel et al. (6) , sorghum silage is deficient in Ca and P. In their study, deficiencies ofCu and Mg in dairy rations were identified as the probable cause of an unexplained low fertility in the dairy herds of Louisiana.
Data obtained in these studies show the feasibility of altering the mineral content of forage sorghum by breeding. Before such a breeding program is begun, however, additional sources of sorghum germplasm should be investigated because the number of parents used in the present study was small. In addition, attention should be given to problems associated with attempts to change individual elements, genotype X soil fertility interactions, mineral concentrations of other forages or concentrates that will be fed with the forage sorghum, and the availability to animals of elements whose concentrations are increased by breeding, as discussed by Hill and Jung (2) .
